A fiber optic sensor for simultaneous measurement of refractive index and temperature is presented. The sensing probe is achieved by introducing multimode interference inside a high birefringence fiber loop mirror resulting in a configuration capable of refractive index and temperature discrimination. The multimode interference peak is sensitive to the surrounding refractive index (90 nm/RIU) and slightly responsive to the temperature (0.005 nm/ºC). On the other hand, the birrefringent fiber loop mirror is highly sensitive to temperature (2.39 nm/ºC) and has no response to refractive index. Therefore, a temperature independent refractive index measurement can be made with a resolution of ±2.5x10 -5 .
INTRODUCTION
It is widely recognized that label free optical sensing based on the measurement of refractive index (RI) is an important technology for the measurement of chemical and biological parameters in medical, industrial and environmental applications. Fiber optic sensors, in particular, are an interesting solution in this context due to their high sensitivity, small size, and capability for in-situ, real-time, remote, and distributed sensing. Several schemes for refractive index sensing using optical fibers have already been proposed such as simple fiber tip Fresnel reflection [1] , core exposed fiber Bragg grating (FBG) [2, 3] , cladding modes FBG [4, 5] , long period gratings (LPG) [6] , LPG based interferometers [7] and Surface plasmon resonance (SPR) [8] .
Multimode interference (MMI) based refractometers are also interesting solutions that rely in the concept of re-imaging effects of MMI patterns present in multimode waveguides. In these devices, the transmitted spectral power distribution is highly sensitive to the optical path length of the multimode fibre and its surrounding RI. Different MMI based refractometers have been proposed [9, 10] .
High-Birrefringence Fiber loop mirror (HiBi FLM), on the other hand, is an interesting device which has been widely used in the optical fiber sensor field mostly for the measurement of physical parameters [11] .Usually a section of HiBi fiber is spliced between the output ports of a directional optical coupler to obtain an optical path difference between the fast and the slow axis. Independence of input polarization and insensitivity to perturbations in the lead in fibers are some of its most attractive features. Despite its extensive use in the measurement of physical parameters, however, only a few works were presented to measure RI with FLM. Usually this is achieved introducing an RI sensitive structure inside the loop such as D-type fiber [12] an LPG written in a polarization maintaining fiber [13] or a non-adiabatic fiber taper [14] .
In this work we present a sensing structure capable of simultaneous measurement of refractive index and temperature. The sensing probe tested consists in a coreless fiber MMI segment inserted into a HiBi FLM. Taking advantage of the combined benefits these two devices, simultaneous measurement of refractive index is achieved with high resolution, paving the way for temperature independent label free bio-chemical sensors. 
PRINCIPLE AND EXPERIMENT
The measurement setup is shown in figure 1 with an inset of the sensing head scheme. It consists in a FLM, containing a section of 52 mm pure silica coreless fiber spliced to a section of 280 mm HiBi PANDA fiber (PM1550-HP). The sensing element was characterized using a FS 2200 Braggmeter (Fibersensing, SA), with 1pm resolution, working in the 1500-1600 nm range, and modified to measure signals both in reflection and transmission mode in separate channels. The HiBi-FLM is formed by a 50:50 (2x2) optical coupler with low insertion loss, an optical polarization controller (PC), the HiBi single mode fiber section (PANDA PM1550-HP) and the pure silica coreless fiber. The FLM without the coreless fiber works as bandpass filter for the input signal. The input optical signal is splitted in two counter-propagating beams, which go through the loop crossing the PC before, or after propagating through the PANDA fiber. This asymmetry swaps the polarization components of both clockwise and counterclockwise beams in such a way that at the output the two waves have an accumulated phase difference that is proportional to the difference in optical paths of the fast and slow axis of the Hi-Bi section. This results in a fringe pattern whose periodicity is proportional to the HiBi fiber length and its birefringence, and is therefore highly sensitive to temperature. In this particular experiment the length used for the HiBi fiber was approximately 280 mm which resulted in a fringe pattern with the period of approximately 30 nm.
To obtain sensitivity to RI, an MMI structure was inserted into the HiBiFLM. The MMI was formed by splicing a section of pure silica coreless fiber to the PANDA fiber. In order to have a resonance centered at 1525nm the appropriate length of coreless fiber was used (52 mm). Figure 2 shows the transmitted spectrum of the sensing element. It is possible to appreciate the periodic bandpass filter created by the loop superimposed with the MMI resonances. Since the reflection of the HiBi-FLM was null, looking at the reflection signal, allowed us to visualize the spectral features of the MMI alone (inset in figure 2 ). Labview control of the FS2200 enabled direct access and processing of the data sets corresponding to both reflection and transmission signals. This way, it was straightforward to improve the tracking resolution of the RI induced wavelength shifts by implementing a ratiometric detection scheme. Two narrow spectral intervals where chosen at each side of the MMI resonant dip (shown in figure 2 ). The integrated optical power of each wavelength slit resulted in signals P 1 and P 2 , respectively. The subsequent computation of R= (P 1 -P 2 )/(P 1 +P 2 ) yields a signal that is proportional to the wavelength shift and is independent of any optical power drifts. All signal processing was computed in real time enabling the tracking of the refractive index with higher accuracy than using standard peak tracking schemes.
RESULTS AND DISCUSSION
Before the characterization, the sensing head was placed into a test chamber with both fiber ends properly fixed to avoid strain/curvature cross-sensitivity. The response to the surrounding RI was studied by exposing the sensing head to different solutions of distilled water mixed with different percentages of salt at a constant temperature (25ºC) to provide the RI standards in a range between 1.3360 -1.3440. The liquid samples were previously characterized by an Abbe refractometer using the sodium D line (589 nm). The necessary adjustments, considering the sensing head operation at 1550 nm, can be made using the Cauchy equation with the respective coefficients [3] . Figure 3 shows the system transmitted spectrum for two different RI. As expected the MMI peak shifts to longer wavelengths with the increment of the solution RI. At the same time the HiBi-FLM peaks remain unchanged. Using the standard LabView peak detection algorithm it was possible to estimate a sensitivity of 90 nm/RIU and a resolution of 2.5x10 -4 . As specified earlier, to enhance the track resolution a ratiometric power algorithm was implemented. Figure 4 shows the behavior of the R parameter as a function of the solution RI in the studied range. A sensitivity of 60 RIU -1 can be estimated from this data. A resolution of 2x10 -5 was obtained by considering a minimum detectable signal of two times the standard deviation. For temperature characterization, the sensing head was placed over a hot plate. The temperature was measured using a thermocouple. The temperature was changed between ~28.5ºC to 35ºC. Figure 5 shows transmitted spectra for a variation of temperature of 1.4ºC. As expected, with the increment of temperature the HiBi peaks shift to shorter wavelengths. Simultaneously, it is noticeable a very small change in the MMI resonance also to shorter wavelengths. Figure 6 shows the calibration curves resulting from the thermal studies. For the second peak of HiBi FLM a sensitivity of -2.39 nm/ºC was measured. The R parameter of the MMI peak, on the other hand, varies 0.084 ºC -1 .
The dual response of the MMI R parameter and of the shift, Δλ, of the second peak of the FLM, allows writing a conditioned system of two equations for Δn and ΔT, given in matrix form as; RIU/ºC [15] . In this work, further results will be shown where the real time application of these calibration parameters allows real time tracking of the refractive index changes, independently of the solution temperature.
CONCLUSION
We have demonstrated a refractometer based on a MMI coreless fiber section inserted into a HiBi-FLM. The MMI peak is sensitive to the solution RI (90 nm/RIU) and slightly responsive to temperature (0.005nm/ºC) conversely the wavelength fringes formed by the loop mirror are highly sensitive to temperature (2.39 nm/ºC) and do not respond to RI. With these results, the sensing system is able to perform simultaneous measurement of refractive index and temperature. The sensor system is capable to detect variation of refractive index in the order of 2x10 -5 RIU. This outcome presents great potential to measure biological and chemical applications using label free configurations.
